This document summarizes a strategic study addressing the development of a comprehensive modeling and simulation capability for magnetic fusion experiments with particular emphasis on devices that are alternatives to the mainline tokamak device. A code development project in this area supports two defined strategic thrust areas in the Magnetic Fusion Energy Program: (1) comprehensive simulation and modeling of magnetic fusion experiments and (2) development, operation, and modeling of magnetic fusion alternateconcept experiments.
Introduction
-Numerical modeling of magnetic fusion experiments .
A comprehensive magnetic fusion modeling code
-CORSICA is a reasonable prototype -Basics: equilibrium, transport, linear stability analysis, interactive user interface -Advanced capabilities: CORSICA 2 and CORSICA 3, synthetic diagnotics Both magnetic fusion and inertial confinement fusion programs around the world are very dependent on comprehensive numerical modeling. This applies to the analysis of physics concepts, the design and operation of experiments, and the analysis of experimental data. The outstanding example of a comprehensive fusion modeling code is LASNEXl developed at LLNL which is used in the inertial confinement fusion program. LASNEX combines multiple physics packages that allow the user to follow the temporal evolution of the relevant phenomena in two spatial dimensions and postprocess the simulation to extract various diagnostics taking advantage of a flexible interactive user interface provided by BASIS2 also developed at LLNL that enables diverse new applications to be launched during an interaction session without recompiling, the code. LASNEX has been tremendously successful in integrating the physics of inertial fusion into a flexible and powerful modeling tool used by a large user community. LASNEX has had a large impact on the inertial fusion theory and experimental programs.
The U.S. magnetic fusion program relies heavily on a suite of physics codes to help with the design, operation, and analysis of experiments and to assist theory. Important examples are the magnetohydrodynamic equilibrium and stability codes and the transport codes, i.e., hydrodynamic codes (typically in one spatial dimension) that solve plasma fluid equations as functions of time following the conservation of mass, momentum, and energy with sources and sinks to model experiments.
The solution of the magnetohydrodynamic equilibrium equation reduced to the Grad-Shafranov equation detemines the self-consistent relation between the magnetic flux and the plasma pressure and currents.3 Examples of the important magnetic fusion transport codes are TRANSP, WHIST, ONETWO, BALDUR, TSC, and CORSICA 1. These codes support the major U.S. tokamak experiments and the ITER project. These codes are generally specific to the tokamak configuration. The tokamak transport codes are relatively mature and very successful in supporting the tokamak theory and experimental programs.
The magnetic fusion program has long supported a research program investigating a variety of confinement approaches. The mainline of ,research has focused on the tokamak, but alternate concept confinement approaches continue to receive attention, and the Office of Fusion Energy Sciences has a renewed commitment to support a vigorous research program in alternate approaches.
Examples of alternate approaches are the straight and toroidal Z pinches, the 8 pinch, reversed-field pinch (RFP), mirror and tandem mirror, field-reversed configuration (FRC), field-reversed mirror, spherical tokamaks, spheromaks, torsatrons, and others ( Figure 1 ). Fusion researchers continue to explore alternate confinement approaches both theoretically and experimentally in order to better understand the plasma physics and to improve the prospects for controlled fusion.
In order to better understand experiments in alternates, to improve their design and performance, and generally to get the most from the resources invested, it is essential to have a high quality modeling capability. A modeling capability for alternate fusion concepts comparable to LASNEX or to that which exists for tokamaks is largely non-existent.
Thus, there is a great need for developing a comprehensive modeling capability for alternates and an excellent opportunity to develop a new program in this area. This study describes the more general extension of CORSICA to address alternate concepts as well as extensions specific to spheromak modeling.
A Comprehensive Magnetic Fusion Modeling Code
The comprehensive numerical modeling of a magnetic fusion experiment requires the integration of a number of distinct calculations of physics phenomena that operate on widely different time and space scales and whose coupling to one another may be very strong and direct in some cases and very weak and indirect in others. A brute-force, direct approach to the numerical solution of the primitive equations describing all of the plasma physics, atomic physics and radiation, the physics of neutrals, and the interaction of plasma and neutrals with material walls is hopelessly impractical.
Instead, analytical reduction of the primitive equations and simplified models are adopted for specific important physics elements; and other physics elements receive attention separately. The specific physics elements are married together taking advantage of the separation of time and space scales. This will be clarified by taking up the discussion of a specific family of physics packages embodied in the CORSICA tokamak modeling code.4 CORSICA is a reasonable prototype for a comprehensive magnetic fusion modeling code ( Figure 2) ; indeed, some CORSICA packages have already been used for the spheromak.
CORSICA was developed at LLNL under LDRD funding as a Strategic Initiative.
The Office of Fusion Energy Sciences continues to fund CORSICA applications and additional development. At its heart, CORSICA contains a one-dimensional (with respect to a radial-like spatial variable) transport code (time-dependent numerical solution of particle, momentum, energy, and magnetic flux transport fluid equations) married to two-dimensional .-4 calculation of the free or fixed-boundary magnetohydrodynamic equilibrium (TEQ) to determine the magnetic geometry for a toroidally symmetric configuration ( Figure 3 ). This captures the most important physics in the tokamak core. The one-dimensional transport model takes advantage of the fast transit of free-streaming plasma along the field lines to render homogeneous the variation of a number of plasma quantities in the magnetic flux surfaces so that only the variations across the flux surfaces are strong enough to be retained in the transport equations on the slow timescale of the cross-field transport.
The transport equations are augmented with various models for plasma particle and energy sources and sinks. In some cases there are separate source and sink simulation packages used to calculate a contribution to a transport coefficient or a source/sink term in the transport equations.
The combination of computational packages to calculate onedimensional transport and two-dimensional magnetohydrodynamic equilibrium is CORSICA 1. CORSICA 1 includes the physics needed to determine stability of the equilibrium to vertical displacements, and it also evaluates the Mercier stability criteria for high mode number ballooning stability.
CORSICA 1 has been used heavily by the LLNL-General Atomics collaboration to model the DIII-D tokamak and by researchers modeling ITER (Figs. 4-6 ) . 5, 6 CORSICA was extended beyond the traditional capabilities of magnetic fusion transport codes to allow it to couple self-consistently to calculations of other important physics elements relevant to describing tokamak experiments. CORSICA 2 couples the two-dimensional time-dependent fluid code UEDGE,7 which models the edge plasma, to CORSICA 1, which models the core ( Figure  7 ).8 UEDGE retains the assumption of toroidal axisymmetry but uses two spatial variables to capture the physics of the magnetic geometry in the edge plasma near the divertor and a magnetic X-point.
An iteration technique is used to achieve continuity of the fluid transport quantities at the core-edge interface.
Theory and experiment have established that strong variations of the radial electric field near the tokamak core-edge interface produce strongly sheared flow that shears apart the turbulent eddies produced by drift-wave instabilities and thus reduces the turbulent transport. This in turn improves the energy confinement of the plasma. The coupled core-edge simulations in CORSICA have been used to demonstrate the transition to improved confinement associated with "H-modes" of operation in the major tokamak experiments (Figure 8 ).
Unless drift-wave or resistive mode driven turbulence is suppressed by a transport barrier, e.g., strongly sheared electric fields producing shear flow, core energy confinement in tokamaks is significantly degraded relative to plasmas with much less drift-wave turbulence.
Various reduced models for turbulent drift-wave transport have been coupled to CORSICA.
A step toward a model that is closer to first principles has been to couple CORSICA 1 to a three-dimensional, time-dependent fluid transport code (two different .
-5 turbulence codes have been coupled to CORSICA).
The turbulence code is coupled to CORSICA 1 by averaging its fluxes, estimating transport coefficients, and passing these to to the CORSICA 1 transport code, which then predicts the plasma profiles and that drive the turbulence.
The codes are iterated until the profiles and turbulent fluxes are consistent.
Although the turbulence code is required to use a much smaller timestep than does the transport code, the iteration procedure does not require that the coupled system be constrained to use the small timestep of the turbulence calculation for everything.
The successfully coupled code is called CORSICA 3.
CORSICA has also been extended to include a few emulated (synthetic) diagnostics . The microwaves are reflected back to a detector in the simulation, and postprocessing routines mimic the actual experimental diagnostic.
The results are reconstructions of the electron density and magnetic field radial profiles (Figures 9 and 10) . Models of the soft x-ray emission and the silicon detector sensitivity are incorporated in the soft x-ray diagnostic simulation. The diagnostic provides multiple chord measurements of the volume-averaged emissivity from which the shape of the plasma density and temperature can be inferred ( Figure 11 ). We The choice of independent coordinate must be a flux function, but otherwise is arbitrary. For tokamaks, where the toroidal field is very large and approximately time independent (the kinetic pressure over the magnetic pressure is small), the standard choice is the toroidal flux. For RFP's this choice is not possible since the toroidal field changes sign and the toroidal flux is not single valued. In this case a proper choice would be the poloidal flux, which is single valued. For a classical spheromak where the toroidal magnetic field goes to zero on the edge, the poloidal flux is again a better choice to avoid diverging terms a the plasma edge. For a driven spheromak, with currents flowing through the gun, the toroidal field is no longer zero on the last closed surface; nonetheless, the poloidal flux is still the better choice. In any event, the toroidal and poloidal fields are now of comparable size; and both will be changing as functions of time. This offers a further complexity, namely an approximately fixed density and temperature in space will be strongly time varying in the Lagrangian frame. This is rather different from the tokamak as indicated above. To properly account for this we must now include the classical pinch and transport terms. We have worked out the implications of these changes and modified CORSICA accordingly. The modification of the code took two man-months. It should be noted that this change now makes CORSICA unique. The fixed-boundary transport codes, such as TRANSP, BALDUR and WHIST, and the free-boundary codes TSC and DINA are still formulated in terms of the toroidal flux.
We have completed a gun model for the driven spheromak.
For this application, we presently assume that the plasma outside the last closed flux surface, which connects to the gun, is in the "Taylor relaxed state," for which the magnetic energy is a minimum subject to conservation of magnetic h&city.
Helicity is a measure of the linking of toroidal and poloidal fluxes. We have also partially completed a halo model which will relax this constraint for the spheromak and allow us to study the axisymmetric effects .-7 of tokamak disruptions.
To complete this work will require about another man month of effort.
The last improvement to CORSICA 1 is a new diagnostic package which uses the measured tangential magnetic field at prescribed magnetic loops to reconstruct the ;1, i.e., F', profile (the ratio of the parallel current to the magnetic field at zero plasma pressure) and the plasma current. This package is incorporated into the code but is not completely debugged.
CORSICA 2: Core/Edge Code Coupling Across an Interface
The aim of the CORSICA 2 project was to extend the simulation of the tokamak plasma to include an accurate description the relatively cold plasma at the edge (the outermost closed flux surfaces) and beyond, i.e., in the "scrape-off-layer" (SOL). The SOL plasma is primarily terminated by "divertor plates" or other material limiters within a few centimeters in the radial direction of the last closed surface (because the first open field-lines provide particles a direct, rapid parallel path to a material surface), but is also to some extent in contact with the vacuum chamber wall.
Although the edge and SOL carry only a minor fraction of the current and so have little influence on the magnetic equilibrium, and are too cold to contribute appreciable fusion power, understanding of this plasma through experiment and modeling is nevertheless an important part of the MFE program, for two reasons. First, the heat-flux load from the core plasma---a result of the power injected into the core and the core's finite energyconfinement time---on the terminating plate is sufficiently high that it is a challenge to design a plate that will survive reactor conditions. Second, core transport properties are a highly complicated affair; among the most favorable regimes discovered experimentally to date are those which display significant edge-structure and/or sensitivity to conditions in the edge. Thus, although core temperatures are two orders of magnitude higher than the edge's and the heat and particles flow outward, simulation of the tokamak core (which regime or transport "mode" is it in? what are the radial density and temperature profiles, and the global averages?) depends to a surprising degree on the radial boundary condition for the core transport calculation. This boundary condition is of course also needed as input by any model of the SOL and divertor plasma.
Apart from the question of the transport coefficients themselves, which in the SOL must span both long and short mean-free path regimes, modeling transport in the edge and SOL is considerably more complicated than in the core: one must include interactions with neutrals (and calculate the neutralgas profiles), surfaces, and radiation, and take careful account of the various impurity species. But from the point of view of CORSICA, the distinguishing feature of the edge/SOL plasma is that although it is still toroidally symmetric (neglecting fluctuations), it is no longer 1D: the plasma is sufficiently cold that .-8 the mean-free path shrinks enough that gradients develop parallel to magnetic field lines. For these reasons state-of-the art edge/SOL codes are significantly more expensive per step than 1&1/2D free-boundary core transport codes (and the former do not even, to date, solve for the magnetic geometry). Furthermore, once parallel transport is included it brings in a very short timescale (in some parts of the SOL it remains very fast compared to the perpendicular transport; note there are also some very fast yet nonignorable atomic physics timescales) which now must be simulated; and the perpendicular timescale itself is significantly shorter than core confinement times.
Thus, although it would be possible to simulate the entire axisymmetric tokamak with an edge code running over the entire plasma volume and generalized to include the evolving magnetics, we have in CORSICA 2 developed a much more efficient coupled-code approach: the edge/SOL-code volume extends inward only until it reaches the last of the 1D core surfaces, where it shares a 1D boundary condition with the core, which is determined as part of the solution, and --possible with such a coupled scheme--only the edge code is run with the required short edge timesteps. (Alternately, the edge code is run in steady-state mode; that is, due to its shorter timescales the edge/SOL is modeled on the core transport timescale as always being in equilibrium with the shared radial boundary condition). For each coupled field, the boundary condition is determined by varying the shared value of the field (or flux) at the coupling surface such that both codes return the same flux (or field).
'
In the course of the CORSICA Director's Initiative, two quite different schemes to implement the coupling were devised and compared, one of which is implemented in the standard version of CORSICA. The edge code employed was LLNL's UEDGE --the major US tokamak edge and divertor modelling code. Five fields (no, n,, nglls, Tel and Ti) are included in the coupling.
Proof-of-principle coupled simulations were carried out.7 At the present time, CORSICA 2 is being revived, extended (to include coupled flowfields), and developed into a practical tool for physics applications, driven by interest from the DIIID experimental program at GA.
Application
of CORSICA 2 to axisymmetric alternate-concept devices should be straightforward, assuming the core and edge codes have been adequately adapted. UEDGE is presently being adapted to the spheromak, including a much higher edge current than in the tokamak, plasmas processes near current-emitting surfaces, and other effects. The long-term goal of this development is to use the spheromak UEDGE code in CORSICA 2.
An area in which further attention and possible algorithm development are required, for tokamaks as well as alternates, is the inclusion of diffusion coefficients, in both edge and core, modeling instability-driven turbulent transport, along with a transport equation for the turbulent field energy. Preliminary looks at such models (outside of CORSICA 1 and UEDGE), which are stiffly nonlinear and exhibit the bifurcations expected to support the experimentally observed transitions between transport modes, reveal they can easily give rise to differential equations with ill-determined (numerically, if not analytically) solutions.
CORSICA 3: ID Transport with Turbulence-Driven Fluxes Self-consistently Included Microturbulence in tokamaks has long been considered to have a significant impact on the evolution of the averaged fields, and in particular to be the primary mechanism for transport of energy from the interior of the plasma to :-the edge and thence the surrounding structures.
The turbulent fluctuations in the plasma density, temperature, electrostatic potential, etc., are themselves driven by gradients of the averages of these fields. Quantitative modeling of this turbulence-transport system is thus essential to predict the performance ,.., i., of future large machines.
Turbulence simulations must obviously operate on a timescale short enough to capture effects of the highest important frequencies in the problem. If they allow the averaged profiles ---the turbulence drive---to evolve (via modecoupling to the lowest mode-number), these codes can, if run long enough and with enough other physics added, be used alone to simulate the whole device. However, the time for the averaged profiles to evolve is typically much longer than the time it takes for the turbulence code to reach a saturated steady state with the averaged profiles frozen. Thus the many steps required for the 2 or 3D turbulence code (expensive per step cf. a 1D core transport code) to reach a steady state with fixed profiles would be multipled by a large separation-of-timescale factor were it to be used to simulate plasma evolution on the transport timescale.
The methods of CORSICA 3, predicated on the existence of this separation of timescales, are designed to eliminate the expense associated with it. The basic scheme continues to advance the averaged profiles with 1D transport equations with steps appropriate for simulating the profile evolution (or only one step if the steady state solution is sought); each such transport step is run in concert with a turbulence simulation. During the iterations of the 1D transport calculation (iterations are always necessary because the 1D equations are nonlinear and an implicit scheme is required for numerical stabilty), the turbulence code is run one or more timesteps (much shorter), the turbulencecode flux is surface averaged and this latest result, divided by minus the latest 1D gradient profile, is used for the anomalous diffusion coefficient in the next iteration of the 1D transport equations. The turbulence code is run in fixedprofile mode; the profiles are not in fact fixed, but they are legislated and reflect the latest iterative solution to the 1D transport equations. Thus at the end of each transport timestep, no matter what its size, one has obtained a solution including a turbulence-generated flux which is self-consistent with the profiles at the end of the transport timestep, i.e., fully implicitly, for a price comparable to a single run of the turbulence to saturation with fixed profiles. (The implictness is important: otherwise the coupled lD/turbulencecode set would be driven unstable by the short turbulent timescales; note that it has been achieved without computing Jacobians, which would be prohibitively expensive to obtain here, and without indeed knowing anything at all about the functional dependence of the turbulent flux on the profiles.)
A number of issues must be dealt with for practical application of the scheme. First, analysis using model gradient-dependent turbulent fluxes, shows that the iterative scheme just described can be iteratively unstable; this can be cured by averaging over the iterations. Second, there is no guarantee that the computation of the anomalous diffusion coefficient as just described will yield a positive number. Two methods, about equally successful, have been devised to deal with this problem. One can assign a floor to the diffusion coefficient, and add a convective term such that combined terms sum to the correct anomalous flux; or one can work with a changed variable, which does behave diffusively, by adding a dynamically computed but known component (an "adaptive alias") to the field. Third, a global turbulence code may not be available. The state-of-the-art codes which simulate turbulence in tokamaks are very time-consuming to run, even with fixed profiles. Therefore, the fact that there are two spatial scales in the problem (wavelength and gradient scale-length) is often exploited and codes have been developed in the "local" approximation,
i.e., with radial gradients of the surface-averaged profiles held constant in radius. (In this case one is guaranteed a positive anomalous diffusion coefficient.) To obtain transport timescale simulations in this case (which impossible to do with a stand-alone local turbulence code), the scheme calls for completely independent turbulence code runs to be launched, with input gradient and other parameters set to their local values across the core radius by transport code.
The first application of the method was a pilot project employing a set of 2D equations in a slab, derived by Hasegawa and Wakatani for modeling electrostatic drift-wave turbulence in a tokamak edge. Both local and global implementations of the coupling worked well. For problems where there is at least a moderate separation of spatial scales between the fluctuations and the background, the coupled approach achieves significant savings over the comparison stand-alone simulations, whether or not global effects emerge, while finding, to within expected statistical variations, the same averaged profiles.
For the parameters used in our simulations and for parameters of typical interest for drift-wave-type turbulence in tokamaks, the global implementation of the coupling (in which a single large turbulence code with the same radial domain as the transport code is used, as described above in .-outlining the method) would be more efficient than the local one (in which separate copies of the turbulence code are used at each transport mesh-point).
CORSICA 3 itself incorporates the ability to communicate with turbulence simulation codes (via distributed computing, if desired) and the implementation of our turbulence coupling algorithm. Using the premier 3D fluid tokamak core turbulence code, the radially local gyrofluid code GRYFFIN developed at the Princeton Plasma Physics Laboratory by Hammett, Dorland, and Beer, initial experiments were performed coupling CORSICA's transport module to ion-temperature-gradient turbulence simulations. Coupling to a band of eight GRYFFIN's in the outer portion of a tokamak core (which nevertheless encompassed significant variation of parameters), singletimestep steady-state self-consistent converged runs were obtained with a straightforward application of the basic scheme and techniques developed in 2D. Full-core coupled calculations proved much more difficult.
The main problem --which should be kept in mind when contemplating coupling to any code under rapid development and at the edge of computational feasibility --was that GRYFFIN is not a generally robust code, and was significantly less so in the much more unstable inner core. Also, the flux becomes a very sensitive function of the profiles in this regime.
Finally, during the iteration the profiles developed extrema, and thus even the iteration-averaged local gradients computed for the local codes in its vicinity, before it settled down, would pass through very wide parameter swings. A number of controls were developed that monitored many of the coupled variables and attempted to steer the iteration through difficulties, and in the end a converged self-consistent simulation over much, but not all, of the core was obtained.
A number of issues remain before CORSICA 3 techniques will yield coupled turbulence/transport simulations of practical use. For the coupling of multiple fields, off-diagonal contributions of the gradients to the fluxes, which can be significant and of either sign, and whose analytic form in general will not be known, can have a serious impact on the stability of the method.
Stability of the coupling algorithm near critical gradients (that is, values of the gradients at which the turbulence-driven diffusion coefficient vanishes) is also a potential issue. We have carried out initial analysis and some testing of various algorithms in this regard, and feel optimistic that adequate techniques can be devised.
--The coupling control algorithm must be made adequately robust (enough so that new cases do not in general require more fixes).
--The transport-equation sources must be included in the iteration scheme, to make them self-consistent with the profiles (so far they are frozen); due to the strong nonlinearities, this will bring in more iterative stability issues.
--There is the possibility that the transport-inducing turbulence is electromagnetic in origin, e.g., finite-beta resistive ballooning modes. Here one would want to couple to an evolving equilibrium as well, in order to take into account the shear in the magnetic field.
Finally it should be remarked that implementation of both the CORSICA 2 and 3 coupling schemes as well as the algorithm development for CORSICA 3 were enormously facilitated by having the BASIS system available.
Reflectometry Extensions
In the last year we have added new reflectometry simulation capability to CORSICA and undertaken a series of simulations in support of the ultrashort-pulse reflectometer (USPR) being built for SSPX. We added the capability to solve the full wave equation describing the propagation and linear mode conversion of mixed polarization microwaves (ordinary and extraordianry waves) in one dimension and extended this to two dimensions. From the reflected mode-converted signals as a function of frequency, we have demonstrated that the shear in the magnetic pitch angle along a radial chord in the plasma midplane can be reconstructed (Figure 12 ). Progress has been made in understanding the signature of magnetic shear perturbations in the linear mode-conversion reflected signals and their effects on the reconstruction of the magnetic pitch angle profile ( Figure 13 ). When combined with the reflectometry data on the group delays for ordinary and extraordinary modes from which the spatial profiles of the electron density and modulus of the magnetic field are deduced, the pitch-angle profile allows one to infer the plasma current profile in the midplane from the curl of the vector magnetic field profile assuming axisymmetry and approximate updown symmetry . lO The simulations have revealed much of the underlying physics that will influence the reflectometer for the anticipated SSPX profiles, have led to an understanding of the resolution requirements and signal-tonoise issues in the reconstructions, and produced software that will be used in the profile reconstructions using the experimental data.
Comprehensive Modeling of Alternate Magnetic Confinement Approaches
Applications of CORSICA to the Sustained Spheromak Physics Experiment CORSICA has been used both to model spheromak physics and to design the Sustained Spheromak Physics Experiment, SSPX. The uses of CORSICA have included:
l Analyzing the magnetic field equilibria of spheromaks in the ideal MHD approximation ( Figure 14) ;11 l Modeling the coupling between the spheromak and the helicity injector which generates and sustains the spheromak (Figs. 15-17 Many of these calculations have been used to optimize the geometric shape and dimensions of SSPX. The coils to generate the bias magnetic field in the helicity injector have been designed using CORSICA to ensure that the vacuum magnetic field in the flux conserver is very small, thus minimizing magnetic field errors which are known to enhance helicity and energy losses. The resulting design is thus much better based on analysis of the known physics than was possible for previous spheromak experiments.
Previous Computational
Studies of Spheromaks CTX. In the spheromak CTX, individual codes were used to address some of these same issues. Markin did equilibrium and stability analysis with his own Grad-Shafranov solver and ideal MHD stability analysis code. The equilibrium was calculated in the actual experimental geometry using a
..e profile of a linear in normalized poloidal flux, ly, so a(vJ = &,,[l+a(2 y-l)] where a is the only free parameter, and save is determined by the geometry and a.17 In this work a was manually adjusted to give a good fit to the surface magnetic field data. For stability studies, this same a(v/, was used in a rectangular cross section "tuna can" flux conserver with no open .flux. The calculated profiles were observed to be unstable approximately when the stability analysis predicted.
However, the n=Z mode was calculated to be slightly more stable than observed, probably because the-destabilizing entrance cylinder was not present in the calculations.
However, the observed pressure gradients in CTX from multi-point Thomson scattering were much higher (factor of 20) then the Mercier limits. The linear il profile is believed to be inadequate for /? limits which depend strongly on the detailed profile; this dependence has been confirmed using CORSICA which has considerable freedom in profiles.
Internal magnetic measurements are needed to do better than a linear il fit to experimental data. The only transport work done on CTX was measuring the global energy confinement during decay. Measuring the magnetic energy decay rate from the magnetics as described above and using multi-point Thomson scattering for electron temperatures plus impurity ion Doppler shifts for ion temperatures to measure the plasma energy content did this. spheromaks was measured.
Only the energy confinement of decaying The new CORSICA capability will provide a framework in which to interpret data, including profiles when available, from SSPX.
HIT.
On the HIT experiment at the University of Washington,18 the code EFIT was modified to include open-field-line current with a separate FF' (measure of toroidal current effects and the prime indicates the derivative with respect to the flux) in the short-path open flux region. The long-path open flux and the closed flux region were modeled with the same polynomial for FF'. The injector current, injector flux, excluded flux and surface poloidal magnetic probes were used as fitting data for EFIT. Only the closed flux has non-zero pressure derivitive, P'. Stability analysis was done with the codes PEST and PEST3 developed at Princeton. With the plasma in contact with the conducting wall, PEST3 showed that the HIT equilibrium was stable when pressure was included.
However,with less than a centimeter of vacuum space between the wall and the plasma, it was unstable to the n=l mode that is observed.
Thus, vacuum space between the plasma and wall is critical. Only extremely crude energy confinement time measurements were made on HIT using single-point Thomson scattering data for plasma energy and estimates of the Ohmic heating for the power input. The internal current density came from EFIT equilibrium code developed at General Atomics with a guess of 2 for the effective impurity atomic number. We know that the internal current density calculation is extremely inaccurate from EFIT since we had no internal magnetic diagnostics.
Advanced Applications of CORSICA to Spheromaks
As we approach the initial operation of SSRX and plan for analysis of new spheromak data, several uses of CORSICA will play important roles for understanding results and guiding experiments. In some cases, these will require extension of the computational capabilities:
l To interpret specific diagnostics. These include the USPR and the magnetic probes installed in the flux conserver.
These probes will be used to determine the experimental spheromak magnetic fields and current levels. In addition, they will be used to infer the profiles of the current in the plasma.
Although considerable progress has been made, this inversion is still being worked on. Solution of this inversion using physically realizable spheromak parameters is the highest priority for CORSICA in the near term. A vacuum edge regions option is needed where the equilibrium has F' =O. Presently, only ballooning and Mercier are available; other stability analysis must be done using CORSICA equilibria as the starting point of a separate code. This stability analysis is presently in the code but does not work properly; making it useful is very important for comparing with experiment. l To evaluate experimental processes in SSPX, especially those related to energy confinement and transport. An "analysis" package has been written for CORSICA, but as it has not been exercised extensively it will undoubtedly require further development before it can be reliably be used to interpret data in the context of spheromak physics.
Some small code modifcations in the analysis mode are required to accommodate the new formulation of CORSICA based on poloidal flux (needed for both spheromak and RFP transport modeling).
A demonstration of the analysis mode in CORSICA using existing DIII-D data is planned.
With the appropriate experimental data, one also can deduce a current transport coefficient from a transport simulation run in the analysis 16 mode. The nearest term application of this capability is likely to be to the RFP; see below. l To provide equilibria for studies of resistive, time-dependent MHD, e.g. using the NIMROD code. (NIMROD is an obvious choice for this purpose because it has the appropriate physics and DOE is investing resources in its development and use.) Time-dependent MHD simulations should be 3D with a Ohm's law including Hall effects to capture relaxation physics (NIMROD has this.).
As NIMROD is very complex, full integration into CORSICA is unwarranted at this time. Calculations of the magnetic geometry can provide the basis for interpretation of the resistive MHD mode effects (magnetic "turbulence") which both drive the spheromak current by a magnetic dynamo and open magnetic-field surfaces thus allowing energy losses. This work will include the development of semi-emperical models of the dynamo and resistive MHD for inclusion in CORSICA.
These models could initially be based on hyper-resistivity models, and extended as new results are developed.
l In a new computational effort, a LDRD project has started to apply the edge tokamak physics code, UEDGE, to SSPX. Although this modeling will be separate from CORSICA in the near term, UEDGE has been coupled to CORSICA for tokamak studies. It is anticipated that when progress warrants, edge-core coupling will be extended to spheromaks to provide greater computational capability.
Proposed Applications of CORSICA to Reversed Field Pinches (RFPs)
A natural extension of CORSICA is to the RFP. Much of the physics is similar to the spheromak, and computational support for the RFP needs extension as experiments address new physics such as profile measurements for transport studies.
Most of these applications are similar to those needed for SSPX. Applications requiring little or no modification of the code include:
l The starting point for CORSICA applications of interest to the Wisconsin RFP group is to produce equilibrium calculations for the Madison Symmetric Torus, MST19 using MST specifications for their device (coil geometry, limiter dimensions, etc.). Initial CORSICA equilibrium calculations have. already been done for MST, and these can easily be extended to include additional physics. MST results, that is a good fit to CORSICA capability, is to back out energy and particle transport/diffusion coefficients from profile measurements to be made on the experiment (density, temperatures, current, etc.). This corresponds to the analysis mode of
..e operating CORSICA. Not much effort will be needed to modify the CORSICA analysis mode for RFP applications, and this should be given a high priority.
If CORSICA cannot undertake this function then the MST group would have to use two transport codes if they wanted to use CORSICA for anything else.
l Time-dependent equilibrium and diffusion studies to evaluate the diffusion of magnetic flux through the poloidal gaps in the the MST limiter can be undertaken by CORSICA using TEQ with a free boundary. If the experimental loop voltage is used as input, the poloidal variation of the MST equilibrium can be straightforwardly modeled in CORSICA.
l MST is considering the addition of a vertical magnetic field and additional correction of field errors. In one scenario, MST would acquire internal coils, which would be easy to model in CORSICA. The effects of the MST iron core ._ are of interest in the consideration of vertical field issues and field error corrections.
CORSICA calculations can address the quantitative consideration of the iron core within an axisymmetric framework with some code modification.
CORSICA will describe the effects on the equilibrium and can be used as a design tool for the iron core and coil currents.
This should be another straightforward application of CORSICA requiring minor code modifications. of shaped cross-sections in MST. This would allow an optimization study to be undertaken (optimizing profiles for density, temperature, safety factor, and cross section) and would contribute potentially to improved operating scenarios. This is another relatively easy application of CORSICA.
It would be appropriate for LLNL to set up such a study and train a Wisconsin researcher to carry out the details. The Mercier limit for the first CORSICA MST equilibrium calculated has been evaluated, yielding a beta limit of .09 for an external magnetic field of 0.1 T.
There are several applications which would require some additional extensions to the code, which would provide significant scientific payoff with relatively small effort: l The Wisconsin group is interested in the calculation of current-drive scenarios and to assess issues related to current-profile control. Current profile control is very important in RFPs because it would be desirable to stabilize or at least moderate sawteeth, dynamos and magnetic turbulence, which presently limit confinement. Appropriate source(s) are needed to model the current drive from rf, e.g., ICRH or Alfven waves, or from oscillating field current drive (OFCD). OFCD employs oscillating fields that drive currents at the plasma edge, and the process by which the current is driven and penetrates the plasma would require some model of hyperresistivity or anomalous current transport, similar to those needed for the
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As part of the optimization of the current drive, the degradation of current drive due to trapped particle effects needs to be included. A principal goal of the project is to build a new, modern, general-purpose transport code with state-of-the-art physics content and a flexible, interactive user interface to support application steering. LLNL is a participant and leader in parts of the project, and is receiving new funding for this research activity.
There is considerable common ground between our CORSICA projects and the NTCC activity.
There is a major new DOE Energy Research initiative to increase support for computational physics, the Scientific Simulation Program (SSP). Fusion is competing with other ER research programs for a significant level of new funding.
OFES continues to support a strong theory program nationally (total budget -$lBM).
The extension of CORSICA to support alternates logically fits into both the SSP and OFES theory program portfolios.
To acquire the appropriate physics content for a range of alternate fusion concepts, to enlist good help from other research centers, and to establish a signficant user community for our new software beyond the confines of LLNL, we have established several new collaborations in the last year with researchers who are expert in alternate fusion concepts.
We are heavily involved with the rest of the fusion community in the NTCC and in drafting a magnetic fusion SSP proposal.
In Figure 2 . Schematic of the CORSICA integrated magnetic fusion modeling code.
CORSICA models core and edge transport, and Matching the WKB calculation of the linear mode conversion of X -+ 0 modes to reflectometry data provides a basis for a least-squares determination of the magnetic shear rate and pitch angle that is time and space-resolved. The coupling between the edge current and the confined spheromak is determined by resistive MHD and is thus not well understood l We can vary the parameters to determine goals to optimize the experiment Figure 15 . CORSICA calculated magnetic equilibrium in SSPX with a forcefree injector. 
